Abstract Cryopreservation and cryosurgery are important biomedical applications used to selectively preserve or destroy cellular systems through freezing. Studies using cryomicroscopy techniques, which allow the visualization of the freezing process in single cells, have shown that a drop in viability correlates with the extent of two biophysical events during the freezing process: (a) intracellular ice formation and (b) cellular dehydration. These same biophysical events operate in tissue systems; however, the inability to visualize and quantify the dynamics of the freezing process in tissues has hampered direct correlation of these events with freezing-induced changes in viability. This review highlights two new techniques that use freeze substitution and differential scanning calorimetry to provide dynamic freezing data in tissue. Characteristic dimensions and parameters extracted from these new data are then used in a predictive model of biophysical freezing response in several tissues, including liver and tumor. This approach promises to help guide improved design of both cryopreservation and cryosurgical applications of tissue freezing.
INTRODUCTION
Freezing of biological tissues is important in a variety of applications, including cryofixation, food storage, cryosurgery, and cryopreservation. In all of these examples, the size, location, and amount of ice formed in the separate cellular and extracellular compartments of the tissue are important in the outcome of the application. In microscopy, ultrarapid freezing is used to fix samples by a technique called cryofixation. Frozen samples can be processed to minimize or avoid the artifacts caused by traditional chemical fixation. This in turn leads to excellent microscopic information provided that the ice crystal sizes in the sample are sufficiently small (1, 2) . In food science, freezing has long been used for food storage. The size and location of ice crystals can affect the overall quality of stored food (3, 4) . In these applications, freezing is used to maintain morphological and histological structure and appropriate texture and taste and to reduce or eliminate spoiling. In both cryofixation and food storage, the location and amount of ice formed in the tissue are critical; however, the ultimate viability of the cells after freezing is not.
Two other important applications, cryopreservation and cryosurgery, use freezing specifically to preserve or destroy the viability of cells or tissues. These applications are central to the field of cryobiology and are the main focus of this review. Cryopreservation is one of the few technologies available for storing or banking viable biological material for extended periods, which is important for supplying eventual transplantation demands for pancreatic islets (5), skin (6) , arteries (7) , and corneas (8) , to name a few. This technology is now also being developed for tissue-engineered products such as artificial liver (9) and artificial skin (10) , for which the shelf life of the product can be ensured through freezing. Cryopreservation has also been used to establish a ready supply of tissues (typically liver) for xenobiotic drug studies (11) . Several informative reviews focus on cryopreservation of either cells (12) or tissues (13, 14) . In general the cryopreservation process involves two main problems. The first problem is that most cells cannot tolerate the freezing process without the presence of a chemical additive or CPA [i.e. dimethylsulfoxide (DMSO), glycerol, etc]. A CPA is a chemical, ?
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usually an alcohol or sugar, which is added to a cellular system to be frozen. By various interactions with the extracellular and/or intracellular environments during freezing, the presence of the chemical provides an overall protective effect on the system. The molarity and rate of penetration of this solution during both loading (prefreezing) and unloading (post-freezing) are critical to minimize chemical toxicity. Although loading of individual cells in suspension with CPA is usually easily accomplished, CPA penetration into tissue can be a complicated process involving multispecies diffusion and convection. Recently NMR spectroscopy (15) (16) (17) and, in one case, direct microscopic analysis (18) have shown promise for evaluating this problem. The second problem in cryopreservation is that the tissue needs to be frozen and thawed in a way that minimizes the deleterious effects of ice formation both inside and outside the cells. To address this, it is necessary to quantitatively measure biophysical events in tissue, as is discussed below. It should be noted that high concentrations of CPA and fast-freezing rates can achieve vitrification (the absence of crystallization) as a means of storage at subzero temperatures. This approach is being actively investigated on tissues, but it is not addressed further here (19) .
In addition to the ability to preserve, freezing can also destroy tissue through a procedure called cryosurgery. Cryosurgery is one of a group of thermal therapies that are gaining increased acceptance in the surgical community, owing in part to the ability of delivering the treatment with minimally invasive surgical probes (20) . The probe, which typically ranges in diameter from 3 to 10 mm (with a flat, spherical, or cylindrical cooling surface), is implanted into or simply brought into contact with the tissue to be destroyed within the body. Cryosurgery provides a focal and repeatable treatment of localized disease in deep tissues such as liver (21) , prostate (22) , kidney (23) , and even uterine fibroids (24) . In addition to the new minimally invasive deep-tissue cryosurgery, the technique has been used traditionally to great advantage on skin lesions, as well as gynecological and oral lesions. Reviews of cryosurgical procedures for a variety of diseases are available (25, 26) . Although the success rate of this technique is excellent for surface lesions of the skin (≤95% cure rates), there are several problems with controlled application in deeper tissues such as liver, prostate, kidney, and uterus. The two main problems are (a) monitoring of the ice ball that ensues from the freezing, including the temperatures within the tissue being frozen, and (b) understanding the response of the tissue to the freezing to deduce the mechanism of destruction. The first problem is being aggressively addressed by a number of groups that are focusing on intraoperative imaging of cryosurgery with ultrasound, magnetic resonance imaging, and other technologies (27, 28) . The second problem is related to biophysical events during freezing and is the topic of this chapter.
In both cryopreservation and cryosurgery, the development of large, stable intracellular ice crystals and extreme cellular dehydration (caused by extracellular ice) have been reproducibly shown to adversely affect viability in a variety of cell types. These biophysical events have been experimentally observed and modeled in single cells by numerous investigators (12, (29) (30) (31) (32, 33) ; however, the data to test against the models for most tissues are not available.
This review examines the hypothesized mechanism of freezing in tissue and the experimental data that support it. New experimental techniques with freeze substitution microscopy and differential scanning calorimetry (DSC), which show promise in yielding quantitative information on the dynamic (and biophysical) state of tissues during freezing, are then introduced in a model system, the liver. We then turn to biophysical modeling of freezing response in tissues. Examples of the use of these experimental and theoretical techniques in other tissues are provided in a summary section.
BACKGROUND Hypothesized Mechanism of Freezing in Tissue
During freezing of tissues, ice forms first in the continuous extracellular compartment of the tissue as shown in Figure 1 (34, 35) . This ice formation changes the chemical activity of that compartment through rejection of solutes from the growing ice crystals and a resulting increase in the salinity of the remaining fluid or unfrozen fraction, which in turn leads to chemical disequilibrium between the cellular and extracellular compartments. If the freezing rate is slow, the system will attempt to reach chemical equilibrium by transporting water across a permeability barrier (the cell, basement, and/or capillary membrane) until the intracellular solute Figure 1 The mechanism of freezing in tissue. Ice forms first in the vascular/extracellular space of the tissue. After the initiation of freezing in the extracellular compartment, slow freezing favors extensive cellular dehydration (left), whereas fast freezing favors intracellular ice formation (right).
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concentration balances that in the extracellular compartment. This phenomenon is easily visualized microscopically as cellular dehydration. If, on the other hand, the freezing rate is fast enough, water will become kinetically trapped in the intracellular compartment creating a supercooled intracellular fluid state. In this case, the system finds equilibrium through a state change of the cell cytoplasm from liquid to solid, which is termed intracellular ice formation (IIF). Often, the thermal history of the sample is such that both cellular dehydration and IIF will compete to determine the final proportions of water (ice) in the cellular and extracellular compartments of tissue.
Experimental evidence for the mechanism of freezing in tissue was identified as early as the 1830s by Goeppert, as described by Luyet & Gehenio (36) . He observed that the cellular water from plant leaves is withdrawn from the cells during slow freezing while leaving the cell membranes of the dehydrated cells apparently intact. Later studies by a variety of investigators including Molisch, supported this observation (36) . Molisch also showed that cellular water that does not dehydrate eventually forms intracellular ice. The mechanism of freezing as described above has also been proposed and supported in vertebrate animal tissues. The cooling rate dependence of cellular dehydration and IIF in these tissues was described by Meryman (34) . Qualitative experimental support was provided in part by the early work of Chambers & Hale on individual frog muscle fibers with cryomicroscopy (37) and later in larger tissue systems such as the work by Trump et al in mouse liver (38) and Love's work in beef liver and muscle (39) , using freeze substitution techniques. Finally, work by Rubinsky et al clearly supported this mechanism of freezing in the liver (35, 40) .
In general, the experimental methods used to study the response of tissue to freezing have had to overcome two major problems: (a) Tissues are generally opaque, and (b) tissues are difficult to freeze uniformly (i.e. to ensure the same cooling conditions throughout). Both of these problems can be circumvented by careful selection of the tissue system. For example, pancreatic islets generally have a low cell density, and the connective tissue content is loose and disperse, thus allowing light to pass through these 100-to 200-µm-diameter tissues. This allows direct visualization of biophysical events in pancreatic islet tissues to be obtained at the light microscope level (41, 42) . After experimental data were obtained on biophysical changes, the behavior was fit to theoretical models by several groups (41) (42) (43) (44) to obtain biophysical parameters. The use of these parameters in predictive models of pancreatic islet freezing behavior promises to help improve the cryopreservation of islets in the future. For higher-density, thicker tissues, other freezing techniques have been explored, such as directional solidification.
Directional Solidification
Directional solidification, which is also called the Bridgman technique in metallurgy and materials processing, was first used in cryobiology by Rubinsky & Ikeda to directionally freeze tissue slices at constant and controlled rates (45) .
? 262 BISCHOF Once frozen, the tissue slices can be assessed for biophysical changes by a variety of microscopy techniques, such as cryoscanning electron microscopy (Cryo-SEM; 35, 40, 46, 47) or freeze substitution followed by light microscopy (48) (49) (50) (51) (52) .
The principle of directional solidification is shown in Figure 2A . The tissue sample is placed on a glass microslide on the high-suprazero-temperature (T high ) reservoir of the stage. A dc or stepper motor is then used to drive the microslide and sample across a gap of known width (D gap ) to a lower temperature (T low ) reservoir held below the phase change temperature of the sample (T phase ). The cooling rate that is incurred in the sample can be written as B = ([T high − T low ]/D gap )×dx/dt = G × V , where the cooling rate B(dT/dt) is the product of the thermal gradient G(dT/dx = [T high − T low ]/D gap ) and the velocity of the microslide V (dx/dt). By scaling arguments, it can be demonstrated that, if the sample is sufficiently thin, the velocity of the microslide is sufficiently slow, latent heat effects are negligible, and the convection and radiation from the environment are sufficiently low, the predominant mode of heat transfer will be by conduction within the sample, ensuring a linear temperature profile and thus a controlled and constant rate of cooling (45) . In some directionally solidified systems, these scaling conditions cannot all be met, and some deviation from linear cooling occurs within the microslide and the sample (53) . Despite this, the directional solidification device continues to provide high reproducibility and control for many constant-freezing-rate applications and has been used to great advantage in the establishment of constant-cooling-rate tissue-freezing response.
Rat Liver-Constant-Cooling-Rate Response
The liver was the first mammalian tissue to be extensively studied with directional solidification followed by Cryo-SEM (35, 40) . This is an ideal tissue for Step one involves directional solidification to an intermediate subzero temperature (A) followed immediately by a second slam or ultra-rapid freezing step (B).
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freezing studies because of the highly repeatable cellular-/vascular-level architecture, which has been exploited in creating tissue level models of the freezing process, as is described below. After freezing tissue at rates between 1
• C/min and several hundred degrees Celsius per minute and imaging the controlledrate-frozen tissue with Cryo-SEM, these studies showed that ice formed and propagated first along the sinusoids or vascular/extracellular compartment of the liver. Later studies with freeze substitution followed by light microscopy on human (48) and rat (52) livers confirmed the earlier Cryo-SEM work of Rubinsky et al (35, 40) and the qualitative trends first reported by Trump et al (38) and Love (39) .
An example of cooling-rate response in rat liver is shown in Figure 3 (52) . The tissue was frozen at various cooling rates, including ≥1000
• C/min ( Figure 3A ), 100
• C/min ( Figure 3B ), 50
• C/min ( Figure 3C ), and 5
• C/min ( Figure 3D ). Although intracellular ice crystals have formed in Figure 3A , they are so small that they are indistinguishable in the darkly staining cellular compartment. In Figure 3B and C, the cooling rates are still sufficiently rapid to trap water as ice in the cells, yet slow enough that some water is transported to the extracellular space. At these ? 264 BISCHOF rates, the intracellular crystals grow to a sufficient size to be visible in addition to the large extracellular crystals. At sufficiently slow rates of freezing, such as in Figure 3D , most of the celluar water is dehydrated from the cells and exists as large extracellular crystals. Panels A and D of Figure 3 can be compared with the two pathways of freezing depicted in Figure 1 .
Other Controlled-Rate-Freezing Results
In addition to the above controlled-rate-freezing results for rat liver, the directional solidification apparatus has been used to assess cooling-rate response in a variety of other tissues. These include kidney (47) , breast (54) , liver tumor (48) , and prostate tumor (49, 50) . In all of these tissues, ice formed first in continuous extracellular fluid compartments and propagated through the tissue in the direction of the thermal gradient that was applied. If the freezing rates were low, cellular dehydration ensued, and if they were sufficiently high, intracellular water was trapped and formed ice. These studies all follow the mechanism of freezing in tissue as shown in Figure 1 ; that is, ice forms in the extracellular/vascular space first, followed by a competition between cellular dehydration and nucleation of the remaining unfrozen cytoplasmic water.
TWO-STEP METHOD (LIVER)
Controlled-rate freezing, as shown in Figure 3 , is designed to elucidate the structure of the tissue at the completion of the freezing process. To study events that occur during freezing, that is, water transport and IIF, other techniques are needed. One such technique, called the two-step method, focuses predominantly on visualizing dehydration or water transport out of tissue cells during freezing. The two-step freezing method, as shown in Figure 2 , combines the advantages of controlledrate freezing through directional solidification with slam freezing to observe the dynamics of the freezing process in tissue (52) .
A schematic of the slam-freezing technique is shown in Figure 2B , with resulting tissue shown in Figures 3A and 4A . This technique was originally developed to allow cryofixation or ultrarapid freezing of samples for later morphological and ultrastructural evaluation (1, 2). As previously mentioned, unfrozen tissue samples can be slam frozen to define the control dimensions and structure for reference against both controlled rate ( Figure 3 ) and two-step frozen tissue (Figure 4) . The ultrarapid freezing of tissue samples in slam freezing is achieved by contact with a highly polished liquid nitrogen-chilled copper block. Because of the size of the samples (<1 mm 3 ), the characteristic time of heat transport is generally orders of magnitude less than the time for mass transport, as shown in Equation 1: A sample calculation for liver tissue shows that τ Mass Trans is ∼2 orders of magnitude higher than τ Heat Trans . 1 Additional support for the validity of Equation 1 comes from the fact that the characteristic cell and vascular dimensions in the slam-cooled samples correspond in size and distribution to those reported for unfrozen liver (55).
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By combining slam freezing with directional solidification, the dynamics of dehydration in tissues during freezing can be obtained by a two-step process followed by freeze substitution. The first cooling step involves freezing at a slow rate (e.g. 5
• C/min) on a directional cooling stage to an intermediate, high subzero temperature T L (0, −4, −6, −8, −10, or −20
• C), where dehydration is still occurring within the cells of the tissue. In the second freezing step, the tissue is immediately frozen by the ultrarapid slam-freezing technique, thereby locking in the cellular water within the cells of the tissue at any given subzero temperature. After they are frozen, the samples are freeze substituted, embedded in resin, and prepared for photomicroscopy and image analysis as previously described (1, 2). The specific freeze substitution protocol used for rat liver tissue can be found in Reference 52.
Prepared as above, freeze-substituted tissues can now be analyzed for volumetric dehydration information of interest. Under microscopic observation, the tissue cells stained dark compared with the light-colored extracellular ice crystals. Image analysis to measure the volumes of the cellular and vascular/extracellular spaces was performed by thresholding of intracellular and vascular spaces followed by standard stereology (56) . The central assumption in stereological measurement is that cellular and vascular area densities from two-dimensional images are an accurate representation of three-dimensional volumes. This is considered valid if multiple unbiased area measurements are made and averaged in a tissue that is reasonably isotropic. Once obtained, the subzero cellular volume ratios from experiments at different intermediate temperatures (−4, −6, −8
• C, etc) were normalized to the slam-frozen control to obtain the dynamic cooling response.
Dynamic Response
The two-step freezing response in rat liver is shown in Figure 4 . Figure 4A shows the normal or control morphology of the hepatocytes that are separated by the sinusoid/extracellular space. Dark-stained, optically dense areas ( Figure 4A , stars) correspond to tissue components, whereas the optically transparent areas (arrows) correspond to vascular/extracellular ice crystals. Figure 4B shows partial dehydration of the hepatocytes with a concurrent engorgement of the extracellular/vascular space (arrows) at −4
• C. The dehydration of the tissue cells and growth of the extracellular/vascular crystals continue at −8
• C ( Figure 4C ), at which hepatocytes appear to be squeezed between the expanding ice crystals in the extracellular space. The process appears complete at −20
• C ( Figure 4D ), at which the hepatocytes are extensively if not completely dehydrated in the presence of large extracellular ice crystals. These extracellular crystals are larger than any formed at the higher intermediate temperatures ( Figure 4B and C).
Equilibrium Behavior
One important variation on the two-step method is to delay or eliminate the slamcooling step and allow the tissue to equilibrate over time with the solid (ice) fraction at the intermediate temperatures, shown in Figure 2 (T L ). Provided that the first step is sufficiently slow, this change will approximate an equilibrium freezing behavior ? FREEZING OF TISSUES 267 that can be used to estimate the nonsolvent or solid fraction of the tissue at low temperatures (and high concentrations of solutes). The solid fraction or the osmotically inactive tissue space can be found from construction of a Boyle van't Hoff (BVH) graph, as shown in Figure 5 . The tissue was frozen on the directional solidification stage at 5
• C/min to different subzero temperatures (−4
• C to −20 • C), and then allowed to equilibrate for 15 min at each temperature. The tissue was then slam cooled or immersed in liquid nitrogen, freeze substituted, embedded, sectioned, stained, and imaged as shown for Figure 4 (data not shown). The inverse of the osmolality that the specimen experiences on the directional solidification stage is plotted on the x-axis and is a function of the temperature at which the tissue was held. The osmolality was calculated by assuming an ideal and dilute binary extracellular solution, thereby allowing a Taylor series expansion of the Gibbs-Helmholtz equation as shown by Pitt (57) , yielding Osm −1 = 1.858/ T (where T = 273.15 − T, K ). The normalized cell volume at these osmolalities The linearity of the plot suggests that the unfrozen liver cells behave as ideal osmometers in the presence of extracellular ice. It is interesting that the stained tissue fraction at cooling rates from <50
• C/min to −20 • C is also 0.35 (data not shown), thus correlating precisely with V b as assessed by the BVH study. This suggests a simpler method in the future to assess V b for some tissues.
DIFFERENTIAL SCANNING CALORIMETRY METHOD (LIVER)
Although the two-step method is a direct microscopic observation of the amount of water trapped at a given subzero temperature during constant cooling, it has several disadvantages, including (a) the labor-intensive nature of the technique (≥1 week to process samples after freezing), (b) large SDs in the data, and (c) discontinuous data on a given sample (one sample = 1 data point, not a curve). To address some of these disadvantages and obtain independent verification of the two-step method, an indirect method of water transport assessment has been developed based on DSC. DSC is a tool that can be used to measure exothermic heat release caused by the phase change of water in tissue samples during freezing. The success of the technique is based on the fact that heat release from an osmotically active cell suspension or tissue slice system during freezing always yields a higher heat release than the same system after the cells have been rendered osmotically inactive or have been lysed as shown in Figure 6 for rat liver.
The DSC protocol to obtain water transport data from tissue slices involves the repeated freezing of tissue slices that are suspended in isotonic buffered saline. The size of the tissue is always small, 1-1.5 mg (or mm 3 ) , and the amount of medium is usually 8-10 mg (or µl) of phosphate-buffered saline. The DSC pans are standard aluminum with a small amount of Pseudomonas syringae bacteria added (the bacteria's cell wall contains a natural ice nucleating protein), which assists in nucleating the sample above −5
• C , such that damaging IIF, which typically begins below this temperature, can be avoided (31) . Figure 6 shows the DSC-measured exotherms from multiple runs of a nucleated sample after equilibration at the phase change temperature (−0.52
• C). Each run was obtained after cooling at the same rate of 5
• C/min. The initial heat release is termed q initial , and the final release is q final . The initial release is larger than the final release, and the difference between them is termed q dsc .
The difference in heat release between the initial and final heat release of tissue (or cell) systems has been shown to correlate with the volume of water trapped within the cells of the system at any subzero temperature, as reported in several studies (50, 51, (58) (59) (60) . This difference is shown quantitatively in Figure 7 for liver tissue. As the normalized tissue cellular weight increases, the initial heat release, q initial , and the final heat release, q final , decrease linearly from a basal level of the media heat release (phosphate-buffered saline in this case) of 250 (mJ/mg). However, the final heat release has a larger negative slope, thus leading to an increasing difference in the initial and final heat release for increasing cellular weight (i.e. q dsc is proportional to cellular weight). A separate control experiment was performed by using tissue that was destroyed by leaving it in a cold ischemic environment for a week. The tissue slices that underwent this ischemia were assumed to be lysed or osmotically inactive. DSC experiments were performed with these lysed tissue slices as described above, and q dsc was measured to be zero; the measured heat release was found to be equal within experimental error to the measured q final for the initial experimental group. Other studies performed to support the interpretation of this data as a measure of intracellular water transport in both cell and tissue systems are described elsewhere (58, 59) .
Dynamic Response
The translation of the heat release data to dynamic water transport data can be accomplished as discussed below. The heat release measurements of interest are q dsc and q(T ) dsc , which are represented by the total and fractional difference between the heat releases measured by integration of the heat flows in the initial and final heat releases, respectively, using the DSC-7 (Perkin-Elmer software). The total difference in the integrated heat release between the sigmoidal baseline and the actual thermogram in the two cooling runs is denoted as q dsc = q initial − q final and is shown schematically in Figure 6A . The fractional difference in the integrated heat release from T ph down to a subzero temperature, T, is denoted by q(T ) dsc = q(T ) initial − q(T ) final , as shown in Figure 6B . This difference in heat release has been shown to be related to cell volume changes in cell suspensions (58) and in tissue systems (59) as
We can rearrange and write a simplified equation to measure water transport data from the DSC-measured heat releases q(T ) dsc and q dsc as 
Equilibrium Behavior
A variation of the dynamic DSC cooling protocol was also developed to determine the volumetric response of cells or tissues when they are cooled slowly enough (equilibrium cooling; 58, 59). The equilibrium cooling protocol is similar to the above described DSC dynamic cooling protocol, except that the sample was equilibrated (until a flat baseline was obtained, meaning that no more heat release was registered, after ∼3-5 min) at various subzero temperatures before generating q dsc . Equilibrating temperatures used included T e s of −0.53, −2, −3, −4, −6, −8, and −10 • C. The equilibrium volume, V e , at a subzero temperature, T e , was calculated by assuming that
The data obtained from this technique on rat liver were also found to be comparable to those shown in Figure 5 , using the two-step equilibrium approach.
MODELING OF WATER TRANSPORT (LIVER)
To move into predictive modeling of tissue freezing, the water transport data obtained from the two-step and DSC methods must be compared with theoretical models of freezing behavior. Although the modeling for freezing in single-cell systems has been extensively tested against experimental data and is generally accepted, a general consensus on modeling of tissue level freezing is still evolving. Several approaches to single-cell and tissue level water transport modeling are introduced below.
Single-Cell Water Transport
Theoretical modeling of water transport across the plasma cell membrane has been the topic of numerous reports. General water transport modeling has been reviewed in a book by Dick (61) , in a more recent chapter by McGrath in 1988 (30) , and in several texts on biological transport (62, 63) . These reviews discuss not only the phenomenological basis but also attempts to identify more mechanistic models of water transport. The first significant use of a model to assess ? 272 BISCHOF water transport during single-cell freezing is based on the work of Mazur (64), who assumed a spherical cell geometry (V = 4/3 πr 3 ). This model of cell volume changes (water flux-induced changes) is based on chemical driving forces and an empirically determined membrane permeability to water (64) . Later Levin et al attempted to apply a mechanistic absolute reaction rate theory to water permeation of a homogenous membrane during freezing (65) . Although unable to identify the specific mechanistic resistance of the membrane to water permeation (water diffusion through or boundary absorption rate limitations at the membrane), he did introduce an improved temperature-dependent representation of permeability to the model. Levin pointed out that further discrimination of the mechanism for water transport relies on knowing the partition coefficient of the membrane and its exact thickness-quantities that are difficult if not impossible to obtain for intact biological membranes. The current form of the water transport model first proposed by Mazur (64) and later modified by Levin (65) for single cell freezing is
with
where V is the cell volume, T is the absolute temperature, L p is the permeability of the plasma membrane to water, L pg is the permeability of the cell membrane to water at the reference temperature T R (273.15), E Lp is the apparent activation energy for the water transport process, R is the gas constant, A c is the effective membrane surface area for water transport, B is the cooling rate, v w is the partial molar volume of water, and V b is the osmotically inactive cell volume. Also, n s is the number of moles of solutes in the cell as calculated from the initial cell osmolality and the total cell water volume (V o − V b ); ϕ s is the dissociation constant for salt in water (=2); and H f is the latent heat of fusion for water, which, although known to be a function of temperature, has been assumed constant for the relatively high subzero temperature range of interest in this work. The unknown parameters of the model include the osmotically inactive cell volume, V b , and the permeability parameters L pg and E Lp . The volumes, V o and V b , are obtained by a separate experiment that estimates the fully hydrated and fully dehydrated cellular volume by constructing a BVH plot as shown in Figure 5 . Equation 4 can then be fit to the experimentally determined water transport data for a given cell or tissue type to extract L pg and E Lp as is described below. These parameters, termed biophysical parameters, can then be implemented with any arbitrary cooling rate in Equation 4 , and the water transport equation can be integrated to predict cellular volumetric freezing response.
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Assumptions in the Water Transport Model
Several important assumptions are intrinsic to the use of Equation 4 in modeling water transport across biological membranes. These assumptions and the studies that support them are reviewed in previous work (66) . The assumptions are (a) transport across the cell membrane during freezing is caused by water and not by solute; (b) the extracellular solution remains in a state of internal equilibrium; (c) the intracellular solution remains in a state of internal equilibrium; (d ) the membrane water permeability is temperature dependent; (e) the concentration dependence of membrane water permeability to solute (salt) is neglected; ( f ) the membrane surface area during freezing and thawing remains constant; (g) the cell and environment are in thermal equilibrium; (h) the intracellular solution behavior is ideal; and (i) the latent heat of fusion of water is constant. Each of these assumptions can contribute to inaccuracies in the modeling of water transport in cell systems, depending on the exact cooling conditions and the type of cell studied. Despite this, the studies mentioned above and the many researchers using the model with good predictive ability support the belief that the model remains valid under the cooling conditions investigated within most single-cell systems.
Tissue Level Water Transport-Krogh Cylinder Approach
In tissue systems, water transport from the cellular to the extracellular space follows many of the same principles as in the single-cell case. Under certain conditions, tissue water transport can be predicted by the same equations as for the cell, with appropriate changes to the geometry. August Krogh was the first investigator to model mass transfer (oxygen) from the cellular to the extracellular environment, using the now famous Krogh cylinder geometric approach (67; see Figure 8 ). The extracellular/vascular compartment of the tissue is represented as a cylinder, whereas the box surrounding the cylinder is considered the cellular compartment. To model water transport from the cellular to the extracellular environment in liver tissue, Rubinsky & Pegg combined the Krogh cylinder and the single-cell freezing model described above (32) . Equation 4, although originally developed for isolated single-cell freezing, can be applied to tissue by finding characteristic dimensions and parameters and applying them to a Krogh model, as shown in Figure 8 (32, 52).
Krogh Model Assumptions
Several further assumptions are necessary in addition to the cellular-level assumptions when applying the Krogh cylinder approach to the modeling of water transport during freezing in tissue (32, 52) . These assumptions, which are discussed here for liver, include the following. (a) The tissue is composed of a collection of identical Krogh cylinders. This assumption is reasonable for tissues such as liver, which have a repetitive unit structure at the capillary-cell level such as that originally suggested by Krogh (67) . intrinsically a single compartment; thus the impact of this assumption is to lump the interstitial and vascular spaces as one. In liver, the cellular volume is 85% of the total and is predominantly composed of hepatocytes. The remaining 15% makes up the extracellular compartment, which is equal parts vascular and interstitial spaces. The interstitial space is actually in open communication with the vascular space through both small and large fenestrations (0.1-3 µm) in the endothelial layer of the liver (55), which strongly supports treatment of vascular and interstitial space as contiguous. (c) Water is transported between these compartments through a single membrane resistance. This assumption suggests that the hepatocyte, endothelium, and basement membrane can all be lumped into one permeability value. As already mentioned, the sinusoidal endothelium is penetrated by large pores and small fenestrae, leading some to term the sinusoid as discontinuous (68) . Additionally, typical capillary wall hydraulic permeabilities (including basement membrane and endothelium) exceed cell membrane hydraulic permeabilities by an order of magnitude (69) . Thus, it is expected that the cell membrane is the rate-limiting resistance to water transport. 
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outside of each cell in the tissue. As long as the temperature gradients locally are small across a given cell, then the bulk driving force for transport would preferentially be across the membrane into the extracellular space rather than into an adjacent cell. Although this is reasonable for rat liver, where each cell is in contact with extracellular space, it may not always be true, and it is therefore important to verify anatomically in each tissue investigated that all cells are bounded by a vascular/extracellular space before rigorously imposing this assumption. (e) The surface area of the membrane separating the compartments, as shown in Figure 8 , remains constant (=2πr v L) during freezing. In the liver, if area were to change with the size of the sinusoid lumen, based on the strict geometry of the Krogh model, the area would be increasing rather than decreasing during cellular dehydration.
To check the constant surface area assumption in liver, a measurement of the perimeter of the vascular/extracellular space was taken from multiple liver slices from the study shown in Figure 5 (52) . It was argued that vascular perimeter × unit depth should yield an effective surface area for transport; thus, the normalized perimeter in a micrograph should equal normalized surface area for transport. The results of this study suggest that the normalized surface area at all temperatures remains reasonably constant in support of the assumption (data not shown). Having made and justified the above model assumptions, it is now necessary to find characteristic dimensions of the Krogh cylinder for use in Equation 4.
Krogh Cylinder Dimensions
The cellular space with volume V is represented in the Krogh model (Figure 8) as the box surrounding the cylinder ( X 2 − πr 2 vo ) × L, whereas the vascular/extracellular space is the cylinder with surface area A, where L is the axial length of the Krogh cylinder, r vo is the initial vascular radius, and X is the distance between vascular/extracellular spaces. The total cellular space is 85% and extracellular is 15%, from thresholding analysis of slam-frozen images (i.e. Figures 3A and 4A ). These numbers are consistent with 85% cellular, 7.5% vascular, and 7.5% interstitial space reported in the literature (55) . The characteristic dimensions from control (slam)-frozen tissues were taken as the distance between adjacent sinusoid centers, X = 22 ± 5.74 µm, and the sinusoid (vascular) radius, r vo = 3.8±1.33 µm. The last dimension, L, is calculated assuming that the cellular-compartment volume is equal to the volume of an isolated hepatocyte, ∼5000 µm as reported previously (70, 71) . The value of L thus calculated is 11.4 µm. Previous work by Rubinsky (72) and Rubinsky & Pegg (32) report characteristic values of X of ∼22 µm and r vo of ∼4.5 µm (32, 72) . These values are reported with measurements in other tissues in Table 1 . a Typical SDs in measurements were 10-30% of the number reported.
Curve Fitting and Numerical Simulations
b Accounting for interstitial spaces, r 2 = 6.5 ± 1.6 = r vo + r int .
c Accounting for a second cellular annulus, r 2 = 28.7 ± 8.0.
permeability, L pg , and the activation energy of the hydraulic permeability, E Lp . With experimental data on volumetric cellular changes from either the two-step or DSC methods, a nonlinear least-squares, curve-fitting technique, for example, the Marquardt optimization scheme (73) , can be implemented in a computer program to calculate the biophysical parameters (L pg and E Lp ) that best fit the model in Equation 4 to the tissue data as described previously (50, 52, 59, 74) . In the work presented here, the optimal fit of Equation 4 to the experimental data was obtained by selecting a set of parameters that minimized the residual variance and maximized a goodness-of-fit parameter R 2 :
where y i are the experimental data points for cellular volume, y fit,i are the corresponding model predictions of cellular volume, andȳ is the arithmetic mean of the experimental data points. R 2 represents how well the model prediction explains trends in the data as compared with the straight arithmetic average of the data points. A value of R 2 = 1 represents a perfect fit (i.e. the residual variance is equal to zero). The model predicted parameters were then used to simulate volumetric response of tissues under different cooling rates by integrating Equation 4, using a fourth-order Runge-Kutta scheme.
The Table 2 .
The experimentally determined biophysical parameters were then used in the Krogh cylinder model to simulate water transport in rat liver at different rates of cooling. The DSC results were deemed the most repeatable and accurate owing to the higher sample number (n = 6 vs 3) and smaller error bars. The results of the simulation are shown in Figure 9 , in which two different variables are graphed against temperature: (a) the nondimensional cellular volume, which in general will decrease owing to dehydration during freezing, and (b) the nondimensional vascular radius, which will in general expand during freezing. During slow cooling (≤5
• C/min), the tissue cells dehydrated extensively, whereas at faster cooling rates (≥50
• C/min), cellular dehydration was minimized, and the majority of the original cell water was trapped such that it ultimately formed intracellular ice. Numerous ice crystals of sizes that are consistent with intracellular space (i.e. ≤20 µm) are easily seen in tissue frozen at 50
• C/min ( Figure 3C ). The simulations show that the water transport ceases beyond −10
• C, which implies that water trapped beyond this temperature will ultimately form intracellular ice. Some of the important values for radial expansion and a lower bound of the intracellular-ice volume based on the simulations in Figure 9 can be obtained. The change in normalized vascular radius (r v /r vo ) ranged over twofold starting at 1 (i.e. r v = r vo = 3.8 µm) under control (slam)-cooling conditions, to >2.5-fold (r v = 9.7 µm) at 5
• C/min. Thus, a lower bound of intracellular-ice volume at −20
• C, computed as 100%
, rose from 3.6% to 27%, 84%, and 92%, when the total normalized cellular volumes rose from 0.37%, 0.52%, 0.75%, and 0.95% at the respective rates of 5, 10, 50, and 100
• C/min. This lower bound value represents water that does not exit the cell by water transport and therefore is likely to change to ice as sufficient supercooling drives nucleation. Cryomicroscopy data on single cells cooled in the presence of extracellular ice show that, if a cell is unable to dehydrate sufficiently, intracellular water will nucleate between −5
• C and −20
• C or, under some circumstances, at lower temperatures down to −38
• C, by either a surface-or volume-catalyzed heterogeneous nucleation mechanism, respectively (31) . If either form of IIF occurs before the completion of water transport, then potentially even more water will be trapped in the cells than predicted by our water transport analysis alone. To increase accuracy ? FREEZING OF TISSUES 279 at higher cooling rates, at which IIF may occur, it will ultimately be necessary to include both water transport and IIF in the Krogh model as previously shown (75) . We have refrained from doing this here because the IIF model depends on nucleation parameters that currently are available only for individual cells, not tissue slices (31) .
As an independent test of the model and the experimentally obtained parameters, we attempted to predict vascular changes caused by ice formation during constant cooling. This was accomplished by measuring the average radial size of continuous ice crystals, which were assumed to completely fill the vascular space at different cooling rates. To distinguish between vascular and cellular ice in light micrographs of frozen tissue, measurements were made only on crystals that were greater in length than a hepatocyte cell diameter (i.e. >20 µm). The 50
• C/min sample ( Figure 3C ) proved the best intermediate rate for this purpose. We measured the radius (one half the smallest dimension) of randomly selected vascular crystals in Figure 3C and found them on average to be 5.2 ± 1.4. The prediction of vascular radius at 50
• C/min with the model was 5.3 µm. We found the experimental data and theoretical predictions to be in good agreement.
Alternative Modeling Approaches
Other approaches to modeling tissue biophysics during freezing, particularly for pancreatic islets, have been developed by network thermodynamic modeling with more flexible cellular and extracellular space geometries (33, 41) . The system developed for pancreatic islets has multiple cellular compartments, in which one compartment is in direct communication with the osmotic environment surrounding the islet and the other is located in the interior. The interstitium is divided into multiple compartments surrounding the cells to permit spatial variations in both chemical composition and storage of species. The individual cells are separated from the interstitium and the environment through semipermeable membranes, and a separate parallel transport and storage route through the interstitium is assumed. The network thermodynamic approach has the advantage of being able to include other constitutive equations that affect transport through energy sources, storage, or dissipation. Examples might include mechanical (elastic) energy storage (in the cell membrane, cytoskeleton, and extracellular-matrix structures). Another advantage is the ability to incorporate multiple flow sources including convective, Darcy, and transmembrane flows. In addition, the more complicated and realistic geometry allows flows from cell to cell and cell to extracellular space. The main disadvantage of this approach is the complexity of applying network thermodynamic principles to an experimental system and deriving biophysical parameters for the system. Although only the Krogh model is pursued further here, the interested reader is encouraged to seek out the literature on alternative modeling techniques, particularly network thermodynamics (33, 41, 76) . 
RESULTS IN OTHER TISSUES
The measurement and modeling of tissue freezing response above have focused entirely on results in rat liver tissue. Other such studies have been conducted in liver (75, 77) , Dunning AT-1 rat prostate tumor tissue (50) , Rana sylvatica liver (51, 74) , and Sprague-Dawley rat liver loaded with CPA (DMSO; 78). The results from these other tissues are summarized here to include the characteristic tissue dimensions used for the Krogh unit (Table 1 ) and the eventual biophysical parameters of water transport extracted from dynamic freezing data in each tissue ( Table 2 ). Table 1 shows the Krogh dimensions for rat and human liver, AT-1 tumor, and frog liver. The Krogh cylinder for liver is shown in Figure 8 and that modified for prostate tumor and R. sylvatica is in Figure 10A and B. The distance between centers of adjacent vascular units, X ; the nominal unfrozen vascular radius, r vo ; and the presumed axial length of the cylinder, L, are listed in Table 1 for each Krogh unit. Two measurements were made, the first, labeled 'direct,' is based on linear measurements within the structures of interest, and the second, labeled 'stereological,' was based on a combination of direct linear and average area measurements.
Krogh Geometry and Dimensions
In the direct measurements X and r vo are measured, and L is extrapolated from cell volumetric measurements made elsewhere. The center-to-center measurement 
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of adjacent vascular units, X , was the first measurement made on all tissues. This number was found to be fairly constant for all mammalian tissues: rat liver, human liver, and AT-1 tumors on average were 22, 20, and 18 µm, respectively, with SDs of ∼2-5 µm. In the amphibian liver, the number jumped significantly to 64 µm with an SD of ∼18 µm. Because the characteristic size of an individual frog liver cell was only 15-20 µm, this is a clear indication that multiple cell layers exist between adjacent sinusoids in this liver system. The second direct measurement made was the perpendicular measurement of vascular channel diameter, which, when divided by 2, gave r vo . This number was also found to be reasonably close in the mammalian tissues; rat liver (two measurements), human liver, and AT-1 tumor, on average, were 4.5, 3.8, 4.5, and 3 µm, respectively, with SDs of roughly 1-2 µm. Again, the frog liver was significantly different, with r vo = 12.1 and an SD of 5.3 µm. Finally, the length of the Krogh cylinder can be obtained by an imposed condition of the overall cell volume within the Krogh unit. The cell volume is ( X 2 − πr Table 1 . By using the direct measurements for X and r vo and the V o for a single cell, L was calculated for each system. Once again, the mammalian tissues were found to be reasonably similar; rat liver, human liver, and AT-1 tumor on average were 11.4, 12, and 11.7 µm, respectively. In the frog liver the number dropped dramatically to 0.6, another strong suggestion that the measured number for X encompasses multiple cells between vascular channels. In both mammalian and frog tissues, the average numbers were used for X and r vo in the computation of L; thus no SD for L is reported. The difference in L for mammalian versus frog tissue emphasizes the arbitrary nature of the L dimension, which drops out of the volume/surface area ratio and therefore has no effect on water transport simulation (1/A × dV/dt) as seen in Equation 4 .
Stereological measurements were also made and used to extrapolate to the vascular radius and length of the Krogh cylinder. The direct measurement is typically made as the perpendicular distance from one vascular wall to another in the tissue at numerous randomly selected sites. To independently verify this reading, projected cellular and vascular areas can be measured from entire micrographs and used to calculate a representative radius. By applying the principles of stereology (56), the ratio of cellular/extracellular (vascular) volumes can be expressed as a ratio of the projected Krogh cellular area ( X 2 − πr 2 v ) to vascular/extracellular area (πr 2 v ). This ratio can be experimentally measured as a black-to-white pixel ratio in slam or histologic control samples. The black/white ratio varies from 85/15 for mammalian liver to 58/42 for tumor and 74/26 for frog liver. With these ratios and by setting X equal to the value obtained by direct measurements as shown in Table 1 , one can solve for r vo and compare it with the direct measurements. The stereological radius calculations for rat liver and AT-1 tumor on average were ? 282 BISCHOF 5.2 and 2.7 µm, respectively, with SDs of ∼0.9-1.3 µm. It should be noted that the AT-1 tumor had a large extracellular space composed of both interstitium and blood vessel. The subset of this, comprising the blood vessel radius, was estimated on the basis of an assumed 7% blood vessel volume when considering 35% of the volume as interstitial (79) and 58% as cellular from stereology. Thus, the total extracellular/vascular radius of the tumor was r 2 = 6.5 with an SD of 1.6. When stereology was used in the frog liver, once again a much larger radius than in the mammalian tissues was found, r vo = 18.4 and an SD of 5.2 µm.
The stereological and direct measurements are often close enough that either number can be used in a Krogh model with the exception of the frog liver. In rat liver, the average stereological and direct numbers are different, but the error bars overlap in the two measurements, suggesting their similarity. The study was not performed on human liver. In tumor tissue the results suggest that the direct and stereological numbers are also reasonably close. For frog liver, however, the stereological method was deemed more reliable because there appeared to be a preference in the cutting of the samples (longitudinal to transverse cuts through the sinusoids), which made reproducible direct measurements difficult and the data obtained unreliable. Even with different cellular, vascular, and interstitial structures, these results show that many tissues can be viewed as Krogh units at the capillary level. In addition, other than the frog liver, which is amphibian, all of the mammalian tissues had similar dimensions, with the exception of the rather large interstitial space present in the tumor.
The presence of a large interstitial space and significant cell-cell contact noted in the tumor and amphibian liver tissue, respectively, may affect not only the Krogh unit but also the modeling of water transport within it. The prostate tissue had a pronounced interstitium (35% of the total volume), which was incorporated into the Krogh model as shown in Figure 10A . This interstitial space is an added resistance to water transport; however, using the Darcy coefficient in tumor tissue, K, it has been shown that this interstitial resistance (R Int = L char /K ) is orders of magnitude less than that of the cell membrane to transport (R m = 1/L p ) (50). This allows the Krogh analysis to be carried out as described above for liver in Equation 4 , with an effective surface area of transport A = (2πr v+int )L. In addition, the wood frog liver showed a significant amount of cell-cell contact; ∼26% of cells bordered entirely on other cells and were not in contact with the vasculature. This is depicted as a second annulus with radius r 2 in Figure 10B . In this case, the Krogh analysis was carried out in two ways, one with all of the cells lumped into one large cellular compartment as shown in the original Krogh model (Figure 8 ) and the other allowing two cellular compartments as shown in Figure 10 . The second formulation necessitates cell-cell water transport through an effective membrane at r 2 (not modeled in Equation 4) as well as cell-extracellular space transport through a membrane at r 1 = r vo , modeled in Equation 4. The simpler model with one cellular compartment was used to establish the biophysical parameters. It should be noted that the parameters obtained in this fashion were used in both modeling approaches with some predictive ability (74) .
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Tissue Biophysical Parameters
With the above dimensions (and caveats) for the Krogh model, biophysical parameters governing the freezing response of several tissues can be extracted. Table 2 summarizes the biophysical parameters that have already been presented for rat liver, as well as additional parameters obtained from fitting two-step and DSC freezing data for AT-1 tumor, R. sylvatica liver, and both rat and frog liver in the presence of CPA. The range of reference permeability values for the tissues in the absence of CPA, L pg , is ∼2 orders of magnitude, 0.36-1.9 µm/min-atm (0.6-3.14 × 10 Although only a small database for tissue level parameters exists, as shown in Table 2 , these values can be compared with single-cell parameters from the same tissue types to gain further insight into different transport responses at the cell and tissue levels. Although slightly higher for cells, values are very similar between the Sprague-Dawley liver tissue and isolated Sprague-Dawley hepatocytes at 1.8 versus 2.7 µm/min-atm 2 for L pg and 63-69 versus 76 kcal/mole for E Lp , respectively (52, 59, 71) . The values diverge for AT-1 tumor tissue versus AT-1 cells at 0.36 versus 2.69 for L pg and 24 versus 52 kcal/mole for E Lp , respectively (50, 80) . The tumor value discrepancy may be related to the trypsinization of the AT-1 cells before experimentation. As shown in the liver, the use of enzymatic digestion tends to increase single-cell parameters (81) . However, this does leave a question as to why the liver tissue and liver single-cell parameters are so close, because the processing of the two systems was very different, that is, enzymatic digestion in the cell case and none in the whole tissue.
The divergence of behavior in cell and tissue is further seen in the dehydration behavior of CPA-loaded cells and tissues. The effect of CPA on both isolated hepatocytes and liver tissue is a drop in both parameters; however, the magnitude of the effect is larger in tissue. The single-cell parameter, L pg , drops from 2.69 µm/minatm in 0 M to 0.54 and 0.4 in 1 and 2 M DMSO, respectively (71) . In the whole tissue (Table 2) , L pg drops from 1.9 µm/min-atm in 0 M to 0.03 and 0.033 in 1 and 2 M DMSO, respectively. Similar changes in activation energy were noted from 75.9 kcal/mole in 0 M to 32.8 and 25.7 in 1 and 2 M DMSO, respectively, for single cells (71) and 69 kcal/mole in 0 M DMSO to 0 and 8 in whole tissue for 1 and 2 M DMSO (78) . 3 In addition, frog liver tissues in the presence of 0 M and 0.4 M glucose show the same trend of decreasing L pg and E Lp in the presence of CPA (glucose) as shown in Table 2 (no single-cell parameters are available). Although the trends in the presence of CPA of dropping parameters (and thus reducing L p ) are the same in the cell and the tissue, the magnitude of the effect appears to be much ? 284 BISCHOF more extreme in tissue. This may be caused by several factors: (a) a better data set including more cooling rates for the single cells; (b) a different membrane CPA interaction effect in the whole tissue vs the enzymatically digested single cells; or (c) perhaps some interstitial/extracellular space interaction, including possibly cell tethering in the tissue that somehow changes in the presence of CPA, whereas it is nonexistent in the single-cell. It is clear that further work must be done to explain the differences in the biophysical effects on single cells and tissues during freezing in both the presence and absence of CPA.
Geometry, cell tethering, and the use of enzymatic digestion are examples of influences that may create a differential freezing response between single cells and tissue slices. To a first order, the geometric differences are addressed through the assignment of a specific Krogh unit for a tissue. However, other assumptions in the Krogh model that dismiss the effects of the basement membrane, endothelium, and interstitium may require a more careful analysis as to specific effects on tissue freezing response. Another possible difference is enzymatic digestion (collagenase, trypsin, or other), which may physically change the cell membrane, thereby affecting transport. There is some evidence for this in the increasing trend of permeability parameters from cultured to digested and finally isolated liver cell biophysical response (81) . A further difference between the conditions of dehydration in the single cell versus whole tissue is the tethering of cells to the extracellular matrix and to other cells in tissues. This effect is not accounted for in the modeling described here; however, efforts by Diller & Raymond (33) and de Freitas et al (41) suggest the possible use of network thermodynamics to include cell tethering as a mechanism that may assist in explaining these differences. In the absence of a complete mechanistic understanding of dehydration response in tissues, the modeling presented here is capable of predicting the measured dehydration response during a variety of freezing conditions. When more complete models are available, the experimental results from the two-step and DSC techniques can be re-analyzed in this new perspective.
In summary, the new experimental methods introduced in this chapter allow volumetric information for a variety of tissue systems to be obtained during the freezing process. The data from these techniques have the potential to contribute to further optimization of a variety of applications of tissue freezing, including cryofixation, food storage, cryopreservation, and cryosurgery, in which the size and amount of ice formation in the cellular and extracellular compartments of the tissue during freezing are clearly linked to the success of the application. Future work in this area will focus in several areas: (a) investigation of the link between the biophysical state during freezing and the viability state of the tissue post-freezing; (b) procurement of dynamic freezing data from other clinically, biomedically, or scientifically relevant tissues; (c) investigation of faster cooling rates at which ice nucleation (IIF), as well as water transport, compete to establish the ultimate biophysical state of the tissue; and (d) continuation of modeling efforts in tissue freezing to incorporate new and/or different approaches and assumptions that address geometry, cell tethering, and CPA-dependent response. Visit the Annual Reviews home page at www.AnnualReviews.org LITERATURE CITED
